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By RinaldoJ. Brun,HelenM. Gallagher,md DorotheaE. Vogt

Thetrajectoriesof dropletsintheairflowingpast- NACA651-20+3
airfoilandaaNACA651-212airfoil,bothat an angleof attackof 4°,

The amountof waterin dropletformimpingingOQ theweredetermined.
airfoils,the areaof dro~letimFingement,andtherateof droplet
imptigementperunitsreaon the airfoilsurfacesffectedwerecalculated
fromthetrajectoriesandme presentedhereinto coverthefollowing
rangeof conditions:

~
~ Variable Minimumvalue Maximumvalue
*

Dropletdismeter,microns 5 100
.

Airplanespeed,mph 150 Criticalflightspeed

Altitude,ft 1000 35,000

Chordlength,ft 2 20

,.

Theamount,extent,andrateof impingementof theNACA651-208air-
foilarecomparedwiththeresultsfortheNACA651-2U airfofi. Under
similsrconditionsof operation,theNACA651-208airfoilcollectsless
waterthantheNACA651-212airfoil.Theextentof impingementon the
uppersurfaceof the 651-208airfoilismuchlessthanon theuppersuc-
faceof the 651-212airfoil,but on thelowersurfacetheextentsof
impingementareaboutthe ssme.

m INTRODUCTION

As partof a comprehensiveresearchprogrsmdirectedtowardan.
appraisalof theproblemof icepreventionon high-speedaircraft,an
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investigationof the impingementof cloudQropletson airfoilsandother
aerodynamicbodieshasbeenundertakenat theNACALewislaboratory.The
investigationincludesa studyof theextentof impingementon low-drag
airfoilsandtherateof dropletimpingementperunitareaof theairfoil
surfaceaffected.Previousinvestigatorshavecalculatedthewater-
droplettrajectoriesfor cylinders(refs.1 to 6) andforJoukowskiair-
foils(refs.7 and8). An empiricalmethodfor determiningarea,rate,
anddistributionof water-dropletimpingementon airfoilsof arbitrsry
sectionsispresentedin reference9. Theqethodismorefirmlyestab-
lishedfor15-percent-thickairfoilsresemblingJoukowskiairfoilsec-
tionsthanforlow-dragairfoils,becausethebasicdatausedin devel-
opingthe empiricalmethodwereobtainedforfourJoukowskiairfoilsec-
tionsbut foronlyonelow-dragsection.Someimpingeme~tdatafor sm
NACA651-212airfoil,whichis a 12-percent-thicklow-dragsection,are
presentedin reference10. Recentdevelopmentsinhigh-speedaircraft
necessitatefurtherwater-droplettrajectorystudieson low-dragair-
foils,particularlyforthinsections,in orderto determinetheeffect
of thicknessratioon dropletimpingement.

The studiespresentedin thisreportarefor 8-percent-and12-
percent-thickwingsdesignatedasNACA651-208and651-212airfoils,
respectively,eachplacedat an angleof attackof 4°. Theresultspre-
sentedareapplicableto theNACA651-208airfoilandtheNACA651-212
airfoilunderthefollowingconditions:chordlengthsfrom2 to 20 feet;
altitudesfrom1000to 35,000feet;airplanespeedsfrom150milesper
hourto theflightcriticalMach number; dropletdiametersfrom5 to
100microns;andan sn@.eof attackof 4°. TheflightcriticalMachnum-
ber is definedas thelowestflightspeedwhichresultsin sonicveloc-
ityat somelocationon the airfoil.
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dropletradius,ft

dragcoefficientfor

pressurecoefficient

SYMBOLS

areusedin thisreport:

droplets

droplet

inertia

airfoil

diameter,microns(micron= 3.28x10-6ft)

2 %@.—
‘Wmeter’ 9 ML ‘

chordlength,ft

dimensionless

.
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free-streamMachnumber

absolutepressure,in.Hg

localReynoldsmmiberwithrespectto tiOPlet,2aPaT/W~
dimensionlesss

free-streamReynoldsnumberwithrespectto droplet,2apaV/w,
dimensionless

distancefromelementof vortexsheetto pointIn flowfield,
ratioto chordlength

distsmceon surfaceof airfoilmeasuredfromleading-edgechord
point,ratioto chordlength

mostprobableicingtemperature

time,sec

flightspeed,mph

(fig.15),‘R

localairvelocity,ratioto free-streamvelocity

free-streamvelocity,ft~sec

localdropletvelocity,ratioto free-stresmvelozity

magnitudeof localvectordifferencebetweenvelocityof droplet
andvelocityof air,ft/sec

rateof waterimpingewntperunitspanof airfoil,lb/(hr)(ftspan)

localrateof waterimpingement,lb/(hr)(sqft)

liquid-watercontentin cloud,g/cum

rectangubrcoordinates,ratioto chordlength

angleof attack,deg

localimpingementefficiency,dimensionless

vortexstrength,dimensionless

ratioof specificheats,1.4

viscosityof air,slug/(ft)(sec)
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\,q coordinatepointson
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airfoil,ratioto chordlength

P density,61ug/cuft

T timescele,tV/L,dimensionless

Subscripts:

a air

.

1 lowerairfoilsurface

m maximum

s airfoilsurface

u upperairfoilsurface

v vortex

-!’? water

x horizontal component

Y verticalcomponent

o freestream

Primesuperscriptsreferto coordinatesystemcoincidentwithgeometric
chordline

ANALYSIs

As an airfoilmovesthrougha cloud,the interceptionof thecloud
dropletsby the airfoilis dependenton thephysical.configurationof the
airfoil,theflightconditions,andthe inertiaof theclouddroplets.
h orderto obtaintheextentof impingementandtherateperunitarea
of tiopletimpingementon an airfoil,thecloud-droplettrajectorieswith
respectto the airfoilmustbe determined.The differentialequations
thatdescribethedropletmotionin a two-dimensionalflowfieldhave
beenderivedinreference4 andarepresentedhereininthefollowing
form:

dvx CDRe~
(—“~~ ~-vx)dT 1

dvy cDRe1 ( v )

d’r-z-ii%- Y J
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where
.

md theReynoldsnumber Re is obtainedin
Reymoldsnumberso that ~

(2)

termsof the‘free-stresm

uRe 2
q = (~ - VX)2+ (~ - VY)2 (3)

The differentialequations(1)statethatthemotionof a droplet
is governedby thedragforcesimposedon thedropletby therelative
motionbetweenthedropletandtheairmovingalongthe streauilinesaround
the airfoil.me droplet momentumtends to keepthedropletmovingin
a straightpath,whilethe dragforcestend.to forcethe dropletto
followthe streamlines.Forverysmalldropletssd lowspeeds,thedrag
forcessremuchgreaterthanthe inertiaforcessmdlittledeparturefrom
the streamlinesocc~sj whereas,for largedropletsandhighspeeds,the
inertiaforcestendto overcomethedragforcesandthedropletsdepsrt
considerablyfromthe streamlinesandfollowa pathmorenearlyin the
directionestablished.by thefree-streamvelocity.In accordacewith
equations(1)andthedefinitionof theparameterK in equation(2),

\ fok a givensizeandconfigurationof airfoilthetrajectoriesdependon
theradiusof thedroplets,theairspeed,andthe airviscosityas first-,
ordervariables.Thetrajectoriesslsodependon the geometryof the ‘

. airfoilinvolvedand itsam.gleof attack,in thatthesetwovariables
determinethemagnitude’ofthecomponentvelocitiesof theair ~ and
~ everywherein theflowfield.

Thecomponentairvelocitiesweredeterminedlya vortexsubsti-
tutionmethcdthatrequiresa knowledgeof thepressuredistributionon
thesurfaceof theairfoil.Thepressuredistributionwas obtainedfrom
wind-tunneldatatakenat theNAC!AAmeslaboratory.Thefundamentalsof
themethodfor calculatingthelocalperturbationvelocitiesin a two-
dimensionalincompressibleflowfieldaheadof an airfoilsreestablished
in reference11. Theprocedureforthe calculationsispresentedin
appendixA. The computationswereperformqdwithelectroniccalculating
machinesemployingpunchedcards. Althoughthecompressibilityof air
at highspeedsis notaccountedforwiththevortexsubstitutionmethod,
resultspresentedin reference5 showthattheeffectof the compressi-
bilityof airon thetrajectoriesof dro@ets is negligibleup to the
criticalMachnuniberof theairfoil.Becauseof thesestudies,the

. resultspresentedhereinsre consideredapplicableup to theflight
critical.Machnuder.

.
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.

Assumptionsthathavebeennecessaryin orderto solvetheprob-
lemare:

w

(1)At a largedistanceaheadof theairfoil(free-streamcondi-
tions)thedropletsdo notmovewithrespectto theair.

(2)NO gravitationalforceactson the droplets.

(3)Thedropletsarealwayssphericalanddo not changein size. 2
E

Thefirsttwoassumptionsarevalidfordropletssmallerthandrizzleor
raindrops,becausethe inertialforcesof thedropsaremuch~eater
thanthegravitationalforce. Theassumptionsareusuallyalsovalidfor
fallingraindrops,sincetheairplanevelocityis usuallymuchgeater
thanthedropvelocitycausedby ~avitationslforce. Preliminarycalcu-
lationsshowthatthethirdassumptionisvalidfortheorderof accuracy
usuallyrequiredin thedesignof equipmentfortheprotectionof air-
craft.

METEODOF SOLUTION

Thedifferentialequationsof motion(eq.(l))aredifficultto
solveby ordinarymeans,becausethevaluesof thevelocitycomponentsof
theairandthetermcontainingthecoefficientof dragarenotknown #
untilthetrajectoryistraced.Thesevaluesaredeterminedas thetra-

—

jectoryof a dropletis developed,sincethemagnitudesdependon the
positionof thedropletin theflowfield. Simultaneoussolutionsfor .

thetwoequationswereobtainedwitha mechanicalanalogconstructedat
theLewislaboratoryforthispurpose.Theanswerswereobtainedin the
formofplotsof thedroplettrajectorieswithrespectto theairfoil.
Thecoefficientof drag CD forthe droplets,requtiedin equations(1),
was obtainedfromtablesinreference3.

Theequattonsof motion(eq.(l))weresolvedforthefollowingfive
valuesof theparameterK: 1/103,1/50,1/10,1/5,and1. For each
valueof theparameterK, a seriesof trajectorieswas computedforeach
of threevaluesof free-streamReynoldsnumber Reo: 16,256,and1024

(wherenecessary,Reo= 64wasalsocomputed).(A graphicalprocedure
fortranslatingthedimensionlessparametersusedin thisreportinto
termsof airplsmespeed,chordlength,altitude,anddropletsizeispre-
sentedin appendixB.) Eachseriesof trajectoriesencompassedtheair-
foilwitha trajectorythatwastangentto theuppersurfaceof theair-
foilandwitha trajectorythatwas tangentto thelowersurfaceof the
airfoil.Theupperandlowertangenttrajectoriesstartedat free-stream

:

conditionsat dist~ces Yo,u ~d YO,ZYrespectively)fromtheX-aXiS
of therectangularcoordinatesystem(fig.1). Thegeometricchordline ‘
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of theairfoilis orientedat an angleof 4° withthex-axisof therec-
tangularcoordinatesystem,andtheleadingedgeisplacedat theorigin
of the coordinates.At an infinitedistmce aheadof theairfoil,the
uniformairflowcarryingthe cloudtiopletsis assumedtobe approaching
the airfoilfromthenegativex-direction,andparallelto thex-axis.
Alldistsncesaredimensionless,becausetheyareratiosto theairfoil
chordlength L, whichis theunitof distance.

Beforethe integrationof the equationsof motioncouldbeyerformed
withthe snalog,the initislvelocityof thedropletshadto be deter-
mined. As postulatedin the assumptions,at an infinitedistanceties-d
of theatifoilallthedropletshaveverticslandhorizontalcomponents
of velocityrelativeto the airfoilthatarethe ssmeas thoseof the
free-streamair. At finitedistancesaheadof theleadingedgeof the
airfoil,thedropletshavevelocitycomponentsvaryingbetweenthoseper-
tainingto thefreestreamat infinityandthosepertainingto thelocsl
streamlines.At 5 chordlengthsaheadof the airfoil,the airstream-
linesdeviatedfromfree-stresmconditionsby lessthantheexpected
accuracyof the antilog; therefore,thispotntwas assumedto be suffi-
cientlyaheadof theairfoilso thatthevelocitycomponentsof theair
streamlinescouldbe assignedto thedroplets.Sincethetimerequired
to traceeachtrajectoryfrom5 chordlengthsaheadof theairfoilto the
airfoilsurfacewasprohibitive,plottingby theanalogwas startedat
1 chordlengthaheadof theairfoilleadingedge. The startingcondi-
tionsat thispointweredeterminedby calculatinga ssmpletrajectory
thatstartedat x = -5 foreachof thefivevaluesof K studied.A
preliminarystudyshowedthatwhilea dropletis approachinga position
1 chordlengthaheadof theairfoil,theamountof deviationof the
droplettrajectoryfromthe,airstreamlineonwhichthe droplethad
starteddependsonlyon thevalueof K andnot on thestartingvalueof
y at x. -5,nor on thevalueof ReO,providedthevaluesof y and
ReO arewithintheregionof interestin theproblem.Thesampletra-

jectoriesforeachvalueof K studiedwerecalculatedfrom x . -5 to
x= -1 in orderto determinethe startingvaluesof droplet”velocityand
y-ordinateat x = -1;thus,thefinalresultswerethe sameas if each
trajectorywerecalculatedfrcm5 chordlengthsaheadof the airfoil
leadingedge.

RESULTSANDDISCUSSION

The seriesof trajectoriescomputedforeachccxnbinationof values
of K and Reo studiedpermitsevaluationof thesrea,therate,and

the distributionof water-dropletimpingementon theNACA651-208andthe
NACA651-212airfoilsectionsat m angleof attackof 4°. Theamountof
watercollectedandthearea,or extent,of impingementaredeterminedby
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thelimitingtrajectories,whicharet~gent to theairfoil.Alldroplets “
havingtrajectoriesbetweenthetangenttrajectorieswillstriketheair-
foil,whereasallotherdropletswillmisstheairfoil.Thetangent
trajectoriesdeterminethemm, or total,rateof dropletimpinge-

“

ment,becausetheamountof water-dropletimpingementon thewholewing
is governedby thespacingbetweenthetangenttrajectories(y0,U-Y0,7)
fig.1) at a largedistanceaheadof theairfoil.me m~w inwhich
allthedropletscollectedon t’esurfacearedistributedoverthearea
of impingementis determinedby thebehaviorof the intermediatetra-
jectoriesthatareboundedby thetangenttrajectories.

Theresultsareoftenpresentedhereinas functionsof theparameter
K, whichhasbeencalledtheinertiaparsmeterbecauseitsmagnitude
directlyreflectstheexternalforcerequiredon a dropletto causea
deviationfromitsoriginallineofmotion.For largevaluesof K
(i.e., K> 1), whichcorrespond,forexample,to dropletslargerthan
50 micronsin diametermovingtowarda 5-foot-chordairfoilat 400miles
perhour,thedroplettrajectoriesdeviateby onlysmallamountsfrom
straightlines. Forvaluesof K lessthan1/50,whichcorrespond,for
example,to dropletslessthsm12 micronsin diametermovimgat lessthan
300milesperhourtowardsn airfoilsectionwitha 12-footchord,the
droplettrajectoriesmorenearlycoincidewiththeairstreamlines.

RateofWater Interception

~flight, therateof totalwaterinterception(lb/(hr)(ftspan))
is determinedby boththetangentdroplettrajectoriesandtheliquid-
water~ontentin thecloud. Theairfoilspeed,thesizeof theairfoil,
andthedropletsizearetheprincipalvariablesaffecting the tangent
droplet trajectories. The spacingbetweentheupperandlowertangent
trajectories,whichis a measureof therateof totalwaterinterception,
is givenin figure2 forboththe651-208andthe651-212airfoils.
Therateof totalwaterinterceptionperunitspanof airfoilon that
portionof theairfoilsurfaceboundedby theupperandthelowertangent
trajectories(fig.1) canbe calculatedfromtheInformationin figureZ
andthefollowingrelation:

Wm= 0.329(yo,u- yqz) L~

wherethefli@t speed U is inmilesperhourandtheliquid-water
contentw is in gramsper cubicmeter.

(5)

Forbothairfoils,therateof waterinterceptionis decreasedas
l/K is increased,particularlyforvaluesof l/K largerthan1. ~
increasein Reo decreasesslightlytherateof waterinterception.
Thefollowingexampleillustratestheuse of figure2 andequation(5)
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.

in comparingthetwoairfoilsin termsof conventionalflightunits. The
valuesof l/K= 21 and Reo = 171 representthe conditionsfor airfoils
with12-footchordstravelingat 400milesper hour througha cloudcom-
posedof droplets17 micronsin dismeterat an altitudeof 10,OCOfeet
(1/K and Reo basedon mostprobableicingtemperatwejappendix).
The correspondingvaluefor (Y(),u- Yo,~) requiredforequation(5)is
0.017for a 651-208airfoilas comparedwith0.021fora 651-212airfoil.
If thesameairfoilsare consideredin flightat 203milesper hour
(dropletsize,liquid-watercontent,andaltitudenotvaried), thevalues
of l/K and Reo changeto 42 and 85,respectively,andthevalueof

(Y(),~- Yo,z) changesto 0.013forthe8-percent-thickairfoilandto
0.015forthe12-percent-thickairfoil,a decreaseof 24 and28 percent,
respectively,fromthe correspondingvaluesassociatedwithflightat
4CKlmilesperhour. Thedecreaseinrateof waterimpingement(eq.(5))
is 62 percentforthe8-percent-thickairfoiland 64 percentforthe
12-percent-thickairfoil.Theeffectof speedon therateof water
impingementis large,becausethe spacingbetweenthetwotangenttrajec-
toriesincreaseswiththe increasein flightspeedandthe speedalso
appearsdirectlyin equation(5).

Therateof waterinterceptionis lesson the 8-percent-thickairfoil
thanon the12-percent-thi.ckairfoiloverthecompleterangeof free-
streamReyaoldsnuniberand inertiaparameterstudied(flightspeed,alti-
tude,dropletsizesencounteredin clouds,andairfoilsize)exceptfor
combinationsof l/K>65 and Reo<32,whichcorrespond,for example,to
flightwithan airfoilchordlengthlargerthan5 feetat a speedof less
than150milesperhourthroughcloudsat 15,000feetaltitudecomposed
of dropletslessthan10 micronsin diameter.

Thevariationof rateof waterinterceptionwithairfoilspeedis
summarizedforan altitudeof 20,030feetin figure3, inwhichthe
ordinateV~w isthetotalrateof waterimpingementper footspanof
airfoilper unitliquid-watercontent (8/cum) in the cloud. (Fig.3
isbasedon mostprobableicingtemperature,appendixB). Thetotalrate
of waterimpingementcanbe obtainedas a productof theresultsin fig-
ure 3 andtheliquid-watercontentexistingin the cloud. Thevaluesin
figure3 areforflightthrougha uniformcloudcomposedof droplets15,
20,30,and40 micronsin diameter,withseveralchordlen@hs rangingin
valuefrom”2to 20 feetconsidered.

The effectof altitudeon therateof waterimpingementis shownin
figure4 fordropletssmallerthan40 micronsin diameter.Thevalues
forrateof waterimpingementgivenin figure3 canbe correctedto a
firstorderof approximationforthealtitudeeffectwiththeuse of fig-
ure4. For example,the rates of water impingementgiven in figure 3(c)
canbe corrected for use at 10,030 feet altitude by reducingthe values
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of rateof waterimpingementgivenin figure3(c)by 7 percent,because
for 30-microndropletstherateof waterimpingementat 10,OCOfeetis
approximately7 percentlessthanat 20,000feet(fig.4). A ch~ge h
altitudeof 10,000feetforanygivendropletsizeshownin figure4 does
notproduceas largean effecton therateof waterimpingementas does
a 15-percentchsm.gein dropletsizeat a givenaltitude.Theeffectof
moderatechangesin altitudemaybe i~ored,becausethetiopletsize
andtheliquid-watercontentof cloudsareseldomknownwithsufficient
accuracyto permittherateofwatercollectionto be calculatedwithin
10 percent.Thereforejwithinthepracticsllimitsof application,the
resultsof figure3 canbe usedover a widerangeof altitudes.

N
4
07co

Theeffectof wingtaperon therateof waterimpingement,as can
be obtainedfromtheresultsin figure3, is valid,providedthatfor
eachsectionof spanconsideredthetaperis smallenoughto permitthe.
approximationof two-dimensionalflowoverthesection.For a 651-208
airfoilsectionwitha 14-footchordat therootsectionanda 4-foot
chordat thetipsectionmovingat 400milesan hourat an altitudeof
20,~0 feetthrougha cloudcomposedof droplets20 micronsindismeter
and contatiinga liquid-watercontentof 1 gramper cubicmeter,the
rateof totalwaterimpingementis 35 pounti”perhourperfootspanat
therootsectionand17 poundsperhourper”footspanat thetipsection.
A 12-percent-thickairfoilof thesamesizeand sectionsubjectedto the
sameflightandatmosphericconditionsas givenforthe8-percent-thick
airfoilcollectsapproximately28 percentmorewateratboththerootand F
tip sections.

A knowledgeof
lowerwingsurfaces

.

Extentof Impingement

thechordwiseextentof impingementon theuppermd
isnecessaryforthedesignof anti-icinaeaui~ment.

The limit.ofimpingementis determinedby the-pointof tange~cy’on’the
airfoilof thetangenttrajectories.Therearwardlimitsof ,tipingement
on theuppersurfaceareshownin figure5(a),andthoseon thelower
surface,in figure5(b). ThedistancesSu ~d SZ aremeasuredon the
surfacefromthepointof intersectionof thegeometricchordlinewith
the leadingedge(fig.1) intermsof thechordlength.

Thelimitof impingementon the651-208airfoilis comparedin figu-
re 5 withthaton a 651-212airfoil.The impingementextendsmuchfarther
backoverthetop surfaceof the12-percent-thickairfoilthanoverthe
top surfaceof the8-percent-thickairfoil(fig.5(a)). me impingement
extendsfartherbackalongthebottomsurfaceof thethickerairfoilover
mostflightandatmosphericconditions,but iG fartherbackon thelower
surfaceof the8-percent-thickairfoilforcombinationsof flightand
atmosphericconditionsinvolvingl/K valuessmallerthan1.5andlarger
than50.
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.
Therearwardlimitof impingementalongtheupperandlowermr-

faces,respectively,is surmqrizedin figures6 and7 forthe same
. speeds,chordlengths,tiopletsizes,andaltitudeas givenin figure3.‘

Theextentof impingementonboththeupperandlowersurfacesincreases
withincreasingspeedandwithdecreasingchordlength. It iS much
greateralongthelowersurfacethanalongtheuppersurface.As an
example,forthe 651-208airfoilwitha 14-footchordtravelingat

N
2
N

300milesperhourthrougha cloudcomposedof droplets20micronsin
diameter,theextentof impingementon theuppersurfaceis 0.036chord
(fig.6(b)}, andon thelowersurfaceis 0.071chord(fig.7(b)). Again,
as shownin figure5, theextentof impingementon the 8-percent-thick
airfoilis lessthanon the 12-percent-thickairfoil,excepton thelower
surfaceforcombinationsof lowflightspeedandlsrgechordlengthand,
particularly,withthe smsllerdropletsconsideredinfigure7(a). These
combinationsof lowflightspeedsandlargechordlengthsgivenin fig-
ure 7(a)correspondto conditionsinvolvingvaluesof l/K largerthan
50 shownin figure5(b). Thecombtiationof conditioninvolvingvalues
of l/Kcl.5,forwhichtheextentof impingementon the lowersurfaceof
the 8-percent-thickairfoilis alsogreaterthanon thelowersurfaceof
the12-percent-thickairfoil,is givenin figure7(c)and 7(d). Values
of l/K<l.5 sreimrolved,forexample,withcombinationsof airfoil
chordlengthsstier than4 feetandflightspeedsgreaterthan400miles
perhourfor a dropletsizeof 40 microns,as shown& figure7(d).

.
IinpingementDistributionAlongAirfoilSurface

. In thedesignof thermalp,nti-icingsystemsbasedeitheron theprin-
cipleof maintainingthewaterin theliquidstateor of completely
evaporatingthe impingingwater,a lmowledgeof thedistributionof the
waterimpingementalongtheairfoilsurfaceis required.Thedistribu-
tioncanbe obtainedif the startingordinatey. at infinityof a drop-
lettrajectoryis hewn withrespectto thepointof impingementon the
surface.Thestartingandendingpositionsof thetrajectoriesare
shownin figure8 forthethreevaluesof free-streamReynoldsnumber
studied.For eachvalueof Reo,curvesfor severalvaluesof l/K are
given.

Theamount
airfoilsurface
in therelation

*
For
and

.

of waterimpingingbetweenanytwo givenpointson the
maybe foundbyapplyimgtheresultsgivenin figure8

w= 0.329UWL(Y0,1- Y0,2) (a)

example,thesmountof waterimpingingbetweenthe -0.05-chordpoint
the -0.10-chordpointon thesurfaceof a 12.5-foot-chordairfoil
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movingat 400milesperhouxat an altitudeof 10,030feetthrougha
.

cloudcomposedof droplets25micronsin diameter(1/K= 10,Reo= 256)
is determinedby obtainingthevaluesof yo,2 at the -0.10-chordpoint M

:-- Yo,l at the -0.05-chordpoint. Thevaluesof Yo,l and Y0,2
requiredin equation(8)are -0.074and -0.078forthe 8-percent-thick
airfoiland-0.071and -0.076forthe12-percent-thickairfoil,respec-
tively(fig.8).

Thevaluesof (Yo,u- Y0,2),obtainedfromtheendpointsof each

curvein figure8, arethe sameas thevaluesgivenin figure2. The
valuesOf Yo,l for l/K= O (notshowninfig.8) are-0.0644at
s = -o.654&rd forthe 8-percqnt-thick airfoiland-0.0825at
s = -0.538chordforthe12-pe?cent-thickairfoil.Thesevalues for
l/K= O applyfor allvaluesof free-streamReynoldsnumber Reo.

LocalRateof DropletImpingement

Thelocalrateof dropletimpingementperunitareaof airfoilsur-
facecanbe determinedfromtheexpression

dyo
Wp = 0.329UW~s— = 0.329UW13 (9) ,

Thisequationisrelatedto equation(8),withproperconsiderationsfor
thefact.that y. and S arebasedOn thewingchord L.

.
Thevalues

of thelocalimpingementefficiency~ as a functionof theairfoildis-
tance S are giveninfigures9 end10. Thesevalueswereobtainedfrom
the slopesof &e curvesinfigure8. The
651-208airfoilaregivenin figure9, and
figure10..Forbothairfoils,themaximum
occursbetweentheairsta~ationlineand
stagnationlineis locatedat S3 = 0.013

values of. p for the IJMA
for the651-212airfoil,in
rateof localimpingement
theleadingedge. Theair
on the 651-208airfoilandat

S3 = 0.008 on the 651-212airfoil(at4° angleof attack).

Becauseof thegeometryof theairfoilandthemannerinwhichthe
dropletsapproachtheairfoilsin theneighborhoodof the stagnationline
andtheleading-edgeline,thecurvesin figure8 arenotallwelldefined
between S = -0.01and S = O. Sincethevaluesof ~ areobtainedfrom
the slopesof thecurvesinfigure8, themaximumvaluesof ~ in fig-
ures9 and10 alsoaresubjectto somequestion.Thepossibleerrorin
themaximumvalueof ~ is estimatedtobe ~0 percentforthe curvesin

x

figure9 and~15percentforthecurvesinfigure10. Thedifferencein
thepossibleerroris dueto thedifferencein thebluntnessof thetwo .
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airfoils.Thispossibleerrorisnot consideredveryserious,because
onlya smallportionof thetotalwaterimpingingon theairfoilrequires

. redistributionif themaximumvalueof ~ is changedby as muchas the
maximumpossibleerror. Thetotalareaunderthe curvesshouldnotbe
changedwhena changein themaximumvalueof ~ is made,becausethe
totalamountof waterimpinging,determinedly (yO,u- yO,Z) andby

.Su
N

J SZ p ds, is independentof themannerinwhichthewateris distributedaFN
neartheleadingedge. Any judiciousrefairingof the curvesinfig-
ures9 and 10between S = -0.01 and S = O, whichis theregionof
doubt,to accountforas muchas thelargestpossibleerrorin themaxi-
mum valueof ~ willrearrangeonlya smallareaunderthepresent
curves(totalareamustnotbe changed)andthusaffecttheredistribu-
tionof onlya smallamountof thetotalwater.

Themaximumlocalrateof impingementshownfortheseairfoilsin
figures9 and10 coincidesverynearlywiththelocationof theparting
striprecommendedin references12 and13 foruse in cyclicalthermal
de-icing

\ The

systems.

datapresentedin

CONCLUDINGREMARKS

figures2 to 10 applydirectlyto flightsin—
cloudscomposedof &ropletsthatare alluniform-insize. Thewater
dropletsin a cloud,however,arenotnecessarilyuniformin size;the. extentof impingementis alwaysdeterminedby thelargestdropletspres-
ent in sufficientnumberto representa si~ificantportionof thetotal
waterpresentin thecloud. Thelocalratesof dropletimpingementare
alsodeterminedby thedroplet-sizedistributionpatternspresentin the
cloud. For flightsin cloudscomposedof dropletsthatarenotuniform
in size,the ~ curvesof figures9 and10 mustbe alteredto conform
withtheweightedbasisof thetioplet-sizedistribution.A detailed
procedureforweightingthe impingementof dropletsexistingin nonuni-
formcloudsis presentedin reference4.

The datapresentedin thisreportapplydirectlyto nonsweptwings
of highaspectratio. As previouslystated,thedataalsoapplyto wings
withsmallamountsof taper. A methd forextendingthe impingement
calculationsfornonsweptwingsto sweptwingsispresentedinrefer-
ence14. Themethodpresentedinreference14 permitstheapplication
of thedatapresentedhereinto a wingwithsnyangleof yawprovidedthe
airfoilsectionnormalto the leadingedgeis an NACA651-208or an NACA

*

.
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651-212airfoil.If theairfoilsectionon the aircraftunderconsidera- .

tionis laidoutparallelto thefree-streamdirection,a transformation
of thesectionisnecessary,as describedinreference14. .

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,January30,1953
N

.

.
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APPENDIXA

METHODUSEDTO CALCULATEINCOMPRESSIBLE

The velocities4 thetwo-dimensional

FLCMFilLD

flowfield

ARouNDAIRFOIL

werecalculatedby
distributing a sheet of vortices on the airfoil surface of such strength
thatthe velocitieson the surfacecausedby the vorticeswerethe same
as the velocitiesmeasuredin a windtunnel. Theprinciplesuponwhich
thismethodisbasedsre establishedin reference11.

The velocityat thesurfaceof an airfoilcanbe determinedfroma
knowledgeof thepressurecoefficient~ andthefree-stresmMach
nurriberM withtheaid of thefollowinge~ression:

‘S=w ‘u)
L A

Thepressurecoefficientsfora largenumberof pointson the surfaceof
theNACA651-208and651-212airfoilsat an angleof attackof 4° were
obtainedfromwind-tunneldatatakenat theNACAAmeslaboratoryfor
severalfree-streamMachnunibers.The surfacevelocitiesusedto cal-
culate theflowfield me shownin figure 11 for “aMachnumberof 0.2.
Theflow fields at other Machnuniberswerenot calculated, becausethe
results presented in reference 5 showthat the effect of the compressi-

. bility of the air on the droplet trajectories is negligible.

The velocityat a pointin a flowfieldcausedbyan
vortexsheetof strength~ placeda distancer (fig.
pointis

elementof the
12) fromthe

If

is

+$
an elementof vortexsheetof strength

q E(u+s)i

placedon ~ incrementB of theairfoilat the ithnositionon the
airfoilsurface,thevelocitycausedonlyby the ithsectionof the
airfoilis

(u#@~
% = 211ri
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at a pointin the flow field at a di6tance ri from the ith section
(fig. 12) . The local componentsof the perturbationvelocity, at a
point in the flow field, causedby 300 vortex elementsdistributed on
both the upperand lower surfaces of the airfoil are

300
u z

‘s Y’-?m=X’,v 211
i=o rz

Y
0 %.L&&Uy’,v = zfi~z
i=o 1

(A2)

The coordinatesystemshownin figure12 differsfromthatshownin fig-
ure1, in thatin figure12 oneof thecoordinatescoincideswiththe
geometricchordline. Thedirectionof thefree-streamvelocityis
towardtheairfoilat an singlea withrespectto -x’. Thehorizontal
andverticalcomponentsof thelocalvelocity~t and ~,, respec-
tively,are obtainedbyadding V cosu to ~l,v and Vsina to
Uyf,v. The coordinatesystemshownin figure12was usedbecauseof its
adaptabilityto availablecalculatingequipmentandprocedures.The
trajectoriesweresolvedin theprimedcoordinatesystemshownin fig-
ure 12
ure 1.

A
denser

and latertransformedgraphicallyto thesystempresentedin fig- ,

totalof 300vortexelementswereusedon theairfoilwitha much .
distributionon theforwardsectionthanbeyondthe50-percent-

chordpoint. Equations(A2)weresolvedwithelectroniccalculating
machines.Approximately300pointswerecomputedin theflowfieldout
to 1 chordlengthaheadof theairfoilintheregionof interestwith
regardto computingthetrajectoriesof dxopletsthatstriketheairfoil.
Between1 and5 chordlengthsaheadof theairfoilleadingedge,the
flow-fieldvelocitycomponentswereapproximatedbyassumingthatthe
flowwas causedby a singlevortexlocatedon theairfoilchordline
25-percentchordinwardfromtheleadingedge. The strengthof this
vortexwas determinedby therequirementthatat x’ = -1 the vertical
velocitycausedby thissinglevortexmustbe thesameas thatcomputed
withequation(A2).

.

.
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.
GMPHICALPROCEDURE

APPENDIXB

FOR TRANSLATIONOF PRACTICALFLIGEU’

CONDITIONSIN TERMSOF DIMENSIONLESSPARMETWS

A gra~hicalprocedureis presentedto aid in thetranslationof
Na airplanespeed,chordsize,altitude,and dropletdiameterintotermsof
k thedimensionlessparametersK and ReO usedin thisreport. A

solutionof equation(2)is presentedin figure13 fortwoaltitudes.
For givendropletdiametersin.micronsandratiosof the chordlength
in feetto theflightspeedin milesperhour,thereciprocalof the
inertiaparametercanbe determinedat altitudesof either10,000or
30,000feetfromfiguxe13. Altitudedoesnotappreciablyaffectthe
valueof l/K,as canbe notedfroma Comparisonof valuesin fig-
ure13(a)withthosein figure13(b).

An airfoilwitha 12-footchordlengthat a flightspeedof
400milesperhourandan altitudeof 10,000feetpassingthrougha -
cloudcomposedof dropletsallof whichare 17 micronsin dianetemwill
be usedas an examplein thegraphicalprocedureto interpretpractical
flightunitsintotermsof thedimensionlessparameters.The valueof~

g L 12l/K iS obtainedfromfigure13(a)for the valueof ~= ~ = 0.0303
.

anddropletdismeterd = 17. The valueof l/K obtainedfromfig-
ure13(a)is 21.

Thefree-stresmReynoltinumiberfordifferentaltitudesmaybe
obtainedfromfigure14. Theproductof the dropletdiameterinmicrons
andtheflightspeedin milesper hourmustbe down. TheReynolds
nuniberis a functionof theairdensity,whichdependson thepressure
andthetemperatureat thealtitudesconsidered.Thepressureusedto
calculatetheairdensitywas takenfromtablesof NACAstandardatmos-
phericpressureat variousaltitudes,but thetemperaturewasbasedon
themostprobableicingtemperatureat variousaltitudes.Themost
probableicingtemperaturewas obtainedfromapproximately300 icing
observations(ref.15)and is presentedin figureI-5.For theexsmple
underconsideration,theproductof the dropletdiameterandtheflight
speedis (17)(400)= 6803. The valueof Reo,obtainedfromfiguxe14,
is 171.

Thefollowingrelationsarepresentedfor usewhenthede~ee of
accuracyrequiredis notattainablewiththegraphicalprocedure.The
valuesforthe viscosityv shouldbe obtainedfromfigure16;these

. valuesarebasedon themostprobableicingtemperatureof figure15.
The chartsof figures13 and 14 arebasedon themostprobableicing ‘
te~eratureand viscosity.
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K= 1.704X10
-12d2U

F

ReO= 4.813X10-6@a”
T

r
d= 7.662X105 ~

Pa = 0.0412#
a

wherethe unitsue givenin the listof sy?ibols.(Thedensityof water
was assumedtobe 62.46lb/cuft andtheaccelerationdueto gravity~
32.17ft/sec2.)
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(c)Dropletalze,30 micrOnB.

Figure7. - continued.Llmltof impingementalorqlowersurface.
Altitude,20,000feet]&w.leof attack,4°)meatprobableicing
temperature,-11°F.
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